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Abstract 
We investigated global patterns of variation in 157 whole genome sequences of Vibrio 
parahaemolyticus, a free-living and seafood associated marine bacterium. Pandemic clones, 
responsible for recent outbreaks of gastroenteritis in humans have spread globally. However, 
there are oceanic gene pools, one located in the oceans surrounding Asia and another in the 
Mexican Gulf. Frequent recombination means that most isolates have acquired the genetic 
profile of their current location. We investigated the genetic structure in the Asian gene pool 
by calculating the effective population size in two different ways. Under standard neutral 
models, the two estimates should give similar answers but we found a 30-fold difference. We 
propose that this discrepancy is caused by the subdivision of the species into a hundred or 
more ecotypes which are maintained stably in the population. To investigate the genetic 
factors involved, we used 51 unrelated isolates to conduct a genome-wide scan for 
epistatically interacting loci. We found a single example of strong epistasis between distant 
genome regions. A majority of strains had a type VI secretion system associated with bacterial 
killing. The remaining strains had genes associated with biofilm formation and regulated by 
c-di-GMP signaling. All strains had one or other of the two systems and none of isolate had 
complete complements of both systems, although several strains had remnants. Further “top 
down” analysis of patterns of linkage disequilibrium within frequently recombining species 
will allow a detailed understanding of how selection acts to structure the pattern of variation 
within natural bacterial populations. 
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Introduction  
Population genetics theory relates patterns of neutral genetic diversity to demography. 
Inference methods based on the theory have been applied to numerous organisms to make 
estimates of population sizes and how they change over time, e.g. (Li and Durbin 2011) and 
to detect barriers to dispersal and gene flow between regions, e.g. (Pritchard, et al. 2000). 
Such tools would seem to be particularly desirable for microbes since direct observation of 
patterns of dispersal in nature is extremely challenging. Population genetics also provides a 
null model for variation, allowing outlier loci that have been affected in particular ways by 
natural selection to be identified, e.g. (Voight, et al. 2006). 
 
Most population genetic theory is based on the assumption that the variance in reproductive 
success of organisms is small relative to the number of individuals in the population (Eldon 
and Wakeley 2006). However this assumption is problematic for example for marine animals 
with planktonic larvae, where individuals can sire a significant proportion of the entire 
population (Eldon and Wakeley 2006). Bacteria typically divide by binary fission but fitness 
differences between lineages – whether due to genetics or local environment - can persist over 
many generations with the result that individual lineages can rise to a high frequency in the 
local or global population (Maynard Smith, et al. 1993). Bacteria belonging to these 
“epidemic clones” may be subject to recombination, meaning that successful lineages do 
diversify by recombining with other members of the population, but a sufficient proportion of 
each genome remains unrecombined that the clonal ancestral relationship – i.e., cellular 
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parentage - is still evident (Croucher, et al. 2011; Didelot, et al. 2011). This means that 
estimates of effective population size are unlikely to relate in a straightforward way to the 
number of organisms in the species, either for planktonic organisms or prokaryotes. 
 
Identifying barriers to the geographical dispersal of bacteria based on population genetic 
approaches is complicated by the fact that proximity may not be the most important factor in 
determining patterns of gene flow between strains. For example in Campylobacter jejuni, 
lineages have different host ranges and preferentially recombine with other lineages that share 
the same host (McCarthy, et al. 2007; Sheppard, et al. 2008). In Escherichia coli 
recombination is suppressed by DNA sequence mismatches between donor and recipient 
(Matic, et al. 1994). Recombination rates are higher between more closely related strains in E. 
coli (Didelot, et al. 2012; Shen and Huang 1986), which is broadly analogous to a systemic 
preference for inbreeding in eukaryotes and its population includes several ‘phylogroups’ 
which are each distributed globally (Tenaillon, et al. 2010).  
 
Despite these issues, there have been some successful applications of population genetic 
approaches to investigate the demography of bacteria. For example, Helicobacter pylori 
colonizes the human stomach and does not survive long outside its host. Distinct populations 
of bacteria found in hosts in different geographic locations (Falush, et al. 2003). Populations 
that have likely been through a bottleneck, such as those carried by Maoris and Native 
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Americans harbor less diverse populations of bacteria. There is also evidence of genetic 
admixture between strains from distinct populations when they coexist within a human host 
population, e.g. due to human admixture (Yahara, et al. 2013). 
 
The successful application of population genetic tools to H. pylori reflects a high rate of 
genetic exchange between strains, due to recombination during mixed infections of the same 
host (Kennemann, et al. 2011). This means that in particular geographic locations, there is 
reassortment of genetic variants in bacterial population such that variants on different parts of 
the chromosome are in approximate linkage equilibrium with each other. The bacteria spread 
relatively slowly, relative to their rate of recombination so that epidemic clones, if they exist 
at all, are uncommon locally and absent globally. 
 
It is an open question as to whether similar approaches can be applied for prokaryotes that 
persist in the environment and therefore are not dependent on hosts to transport them from 
location to location. While there are many bacteria that show phylogeographic variation 
(Martiny, et al. 2006), this can be due to geographical adaptation and need not reflect barriers 
to dispersal. Even if there are geographical barriers, the organism may not recombine 
sufficiently frequently to break down genetic associations due to clonality in particular 
locations. A study in Vibrio cholera found evidence of geographic-based population structure 
in integrons, but detected none in the core genome, based on variation at six housekeeping 
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genes (Boucher, et al. 2011). To our knowledge the twin criterion that hold for H. pylori, 
namely of an approximate absence of linkage disequilibrium within geographic populations 
and disequilibrium between populations due to divergence in gene frequencies at multiple loci, 
has not been shown to apply to any free-living bacteria.  
 
Vibrio parahaemolyticus (VP) is an ocean bacterium that also causes infections of tens of 
thousands of people around the world each year (Su and Liu 2007; Yeung and Boor 2004). VP 
was first identified as the causative agent of a food poisoning outbreak in Japan in 1950 
(Fujino, et al. 1965), and later found to be present in various environments, including ocean 
sediments, plankton and multiple types of sea-foods (Su and Liu 2007; Yeung and Boor 2004). 
Sporadic cases and small scale epidemics were observed worldwide and in 1996, a VP 
pandemic started in south east Asia, quickly spreading to Europe and America (Nair, et al. 
2007). This pandemic was caused by VP serotype O3:K6 and its serovariants, all belonging to 
the same clonal group (Han, et al. 2008; Okuda, et al. 1997).  
 
In this manuscript we first investigate the global population structure of the species. We used 
157 genome sequences collected globally between 1951 and 2007 to demonstrate that despite 
the presence of epidemic clones, VP also exhibit segregation of variation between oceans 
consistent with conventional population genetic models of limited dispersal between gene 
pools and random assortment of variation within gene pools.  
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 Having shown that the Asian ocean constitutes a single gene pool, analogous to a freely 
mating population in eukaryotes, we investigated the structure of genetic variation within it. 
We calculated the effective population size in two different ways. The gene pool effective 
population size reflects the number of lineages that contribute DNA to the gene pool of future 
generations, whether by recombination or direct descent. The genealogical effective 
population size reflects the number of clones that successfully contribute progeny to future 
generations. According to the standard assumptions of coalescent theory which include 
neutral evolution and random genetic exchange between individuals, the two approaches 
should give similar answers. However, our estimates of these two quantities differ by 
approximately a factor of 30.  
 
We rule out a number of likely sources of the discrepancy, including statistical uncertainty 
and focus on the possible role of natural selection in maintaining multiple clonal lineages 
stably in the population. Such selection would require epistasis interacting at many different 
loci in order to structure the population into distinct genotypic niches. We find evidence for 
one such interaction. Further understanding of the source of the discrepancy should allow new 
insight into the forces that determine patterns of diversity in bacterial populations.  
 
Results and Discussion 
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Evolutionary history of VP 
We first used a Neighbor-Joining tree to explore the relationships amongst our strains using 
327,904 high quality SNPs found in 157 genomes (Figure 1). This tree was star-like and many 
of the deep branches had small supporting bootstrap values (Figure S1), suggesting frequent 
recombination. Nonetheless, we observed 21 distinct groups each containing 2 to 35 closely 
related strains (Figure S1). In 13 of these groups, the strains were isolated from extended time 
periods and diverse locations (Table S1).  
 
The presence of closely related strains in the sample allowed us to investigate evolutionary 
processes within a clonal context. We focused on the pandemic lineage (named CG1) and its 
relatives. This pandemic lineage included 35 strains with 1,106 SNPs differentiating them 
(Table S2). After excluding variation at sites likely to have been affected by recombination 
(dense SNP regions and homoplasies), the remaining 189 SNPs were used to construct a 
maximum likelihood tree (Figure 2A). Sublineages in this tree were present in multiple 
geographic locations, with the exception of one that was only found in Taiwan, implying very 
rapid spread of the bacteria. Superimposing the likely recombination sites onto branches of 
the phylogeny revealed that they were concentrated in three branches of the phylogeny and 
within a 158.5 kb region (182820-341273 in chromosome I) surrounding the O- and K- 
antigen encoding gene cluster which led to serovar shift events (Figure 2A and B). We 
designated this stretch of sequence as being a putative recombination “hot region”. 
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 One strain (S093) and one clonal group (CG2) were closely related to CG1 and this was 
supported by high bootstrap values (Figure 1 and Figure S1). The strain S093 had 2,323 SNPs 
separating it from CG1, most of which were concentrated in 13 genomic regions (Figure 2C). 
These dense SNPs regions are almost certainly caused by homologous recombination events. 
To investigate the SNP distribution amongst less closely related bacteria, we plotted the same 
distribution for all strains from CG1 and CG2 plus S093 (Figure 2D). Most regions of the 
genome contained a high frequency of SNPs but there were also some long regions of low 
SNPs density. These putatively represent regions where the strains share a common clonal 
frame, i.e., they have all inherited DNA by vertical descent from the same ancestor in these 
regions. When an additional randomly selection strain was added, the distribution of SNPs 
around the genome became more even and regions of low SNPs density were very short 
(Figure 2E). This result is consistent with an absence of shared clonal frame and with the 
additional strain being an unrelated member of the same frequently recombining bacterial 
species. 
 
Global population structure of VP 
Frequent recombination at the species level was confirmed by measures of linkage 
disequilibrium, which we compared with that in other bacterial species (Figure S2). Linkage 
disequilibrium in VP decays to less than half of its initial value within 250bp. In this 
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comparison, both H. pylori and E. coli had faster initial decays than VP. The former is 
presumably a consequence of extensive recombination during mixed infections of the same 
human stomach (Didelot, et al. 2013) combined with the breaking up of imported fragments 
into short fragments during incorporation into the recipient genome (Kulick, et al. 2008). 
However, the LD between SNPs on distant parts of the VP chromosomes was lower than for 
any of the other species. 
 
In order to characterize patterns of gene flow, it is necessary to take appropriate account of 
shared ancestry due to clonal relatedness, which may have a significant impact even if the 
shared clonal frame represents only a small fraction of the genome. Methods for quantifying 
gene flow also need to take into account that DNA is imported in segments, so that markers 
that are close to each other on the chromosome have a shared history. Phylogenetic methods 
ignore physical linkage and treat SNPs as providing independent information and therefore 
can over-estimate the statistical confidence in particular subdivisions. 
 
We have therefore supplemented phylogenetic analysis with an analysis based on 
chromosome painting (Lawson, et al. 2012). In a first step, each isolate is treated as a 
“recipient”. Its chromosomes are “painted” as a series of segments from the other “donor” 
strains in the sample. Each donor is the most closely related strain to the recipient for that 
stretch of chromosome. Fragment boundaries indicate changes in ancestry so that each 
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fragment can be thought as being inherited as a distinct unit from the gene pool. The number 
of fragments that a particular donor contributes to the recipient in this painting process is 
called their pairwise coancestry value. In a second step, fineSTRUCTURE is used to group 
together strains with statistically indistinguishable coancestry values into populations. The 
approach provides a statistically rigorous method of establishing whether different strains 
have distinct patterns of shared coancestry (Lawson and Falush 2012).  
 
Before applying fineSTRUCTURE, the dataset was thinned down to 71 strains (Table S1) by 
selecting one representative strain from each of the clonal groups with average nucleotide 
identity above 99.97% (compared to an average of about 98.44% across the dataset).  
 
fineSTRUCTURE identified 11 populations (Figure 3A). The subdivisions found were 
completely concordant with those found by neighbor joining tree, with the exception that a 
single isolate, S058, placed in the Asia-pop 1 population by fineSTRUCTURE was clustered 
into Hyb-pop 2 in Figure 1. The largest Asian sub-population, Asia-pop 1 had 44 members, 
who were painted with an average of 2,224 chunks of mean size 1.8 Kb. By contrast, the three 
isolates in this analysis from Asia-pop 6 were painted using far fewer chunks (451 on 
average). These three isolates had long stretches of high similarity reflecting clonal descent 
and each one was painted using large chunks from the other Asia-pop 6 isolates. Asia-pop1, as 
well as containing the largest number of strains, had the lowest coancestry values between 
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members of the same population. 
 
We hypothesized that Asia-pop 6 and many of the other smaller populations identified by 
fineSTRUCTURE in this analysis do not represent distinct, freely recombining gene pools but 
rather sets of strains that share DNA by direct clonal descent. To test this hypothesis, we 
performed analyses with a dataset consisting of all isolates from Asia-pop 1 and one isolate 
each from the other populations. If the other populations consist of clonally related strains 
sampled from a single Asian gene pool and no further cryptic signals of clonality remained, 
then the representatives of these populations should be absorbed into the Asia-pop 1 
population in this new analysis. 
 
In this new analysis, we found four populations, one of which contained the isolates from 
Asia-pops 1-8, while the other three populations consisted of the single representatives from 
US-pop 1, Hyb-pop 1 and Hyb-pop 2 that were included in the analysis (Figure 3B). Our 
interpretation is that the strains in Asia-pops 1-8 come from a single gene pool and the 
different strains in the population are clonally related, while the other populations consist of 
strains with distinct ancestry and patterns of gene flow. We also estimated a NJ tree for the 
same set of strains and found that all strains of Asia-pops are approximately equally related 
with each other, except one strain, S058, in Asia-pop 1 was clustered with the strain of 
Hyb-pop 2 to form a distinct lineage, as well as the US-pop 1 and Hyb-pop 1 formed the other 
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distinct lineages (Figure S3).  
 
Support for the hypothesis of our sample containing 51 isolates from a single freely 
recombining Asian gene pool is provided by estimates of the value of linkage disequilbrium 
𝑟𝑟2 between these strains. The expectation of 𝑟𝑟2 is dependent on the sample size as well as 
the linkage disequilibrium in the population they are sampled, and in the absence of any LD, 
its expectation is 0.0196 is predicted for 51 unrelated isolates (Park 2012). The estimated 
value of 0.02 for SNPs greater than 1 kb apart is very close to this expectation and the 
variance between subsets of 5 isolates from this 51 is very low (Figure S4A), consistent with 
them all being sampled independently from the same population. A much less good fit to the 
theoretical expectation is found when all 71 isolates from the thinned dataset are used in an 
equivalent analysis (Figure S4B), confirming that the reduction to 51 isolates has eliminated 
most or all of the clonal structure present in the dataset. 
 
US-pop 1 was the most distinct, while the hybrid populations showed elevated coancestry 
with each other and with US-pop 1 compared to members of the single inferred Asia 
population. Strains from Hyb-pop 1 and Hyb-pop 2 had intermediate ancestry between 
US-pop 1 and Asia-pop 1 but were also related to each other. Hyb-pop 1 and Hyb-pop 2 were 
provisionally designated as hybrids based on their intermediate ancestry patterns, but the 
pattern is also consistent with them being representatives of other distinct gene pools. In 
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contrast to some previous observations in other bacteria (Shapiro, et al. 2012), We did not find 
evidence for systematic differences in the flexible genome between populations (Figure S5). 
As has previously been found in H. pylori, similarity in flexible gene content is 
disproportionately determined by large gain and loss events and as a result provides less 
phylogeographic signal than core genome polymorphisms (Gressmann, et al. 2005). 
 
The conclusions based on the coancestry matrix and Neighbor-Joining method were 
confirmed by a table of average nucleotide diversity within and between populations (Table 
S3). Members of the Asia populations are more closely related to each other on average 
(37,669 SNPs in the core genome distinguishing pairs of strains or ~1% sequence divergence) 
than the members of US-pop 1 (41,036 SNPs), with Hyb-pop 1 and Hyb-pop 2 displaying 
intermediate values.  
 
Oceanic distribution of the VP populations 
In order to investigate the geographical distribution of the populations, we studied the 
relationship of these strains with the larger number that have been genotyped by MLST. We 
first used the linkage model of STRUCTURE to identify populations within the MLST data 
(Figure 4A). Since data from 7 loci may not be sufficient to describe genomic patterns of 
relatedness, we considered the populations identified by STRUCTURE to be valid only if 
they were concordant with those found using the genomic data. Based on this criterion, two 
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populations were validated, with suggestive evidence for a third. High ancestry from the R1 
population (orange) in the STRUCTURE analysis correlated with the strains having high 
coancestry with the three members of the US-pop 1 at the MLST loci (Figure 4B). Strains 
with high ancestry from R2 (red) belonged to the population containing the epidemic clone 
(Asia-pop 6). 66 of the 80 isolates from the Mexican Gulf were from R1, which were also 
found at lower frequencies in other US locations but were almost entirely absent elsewhere in 
the world (Figure 4C). R3 correlated with Hyb-pop 1 which was found in the pacific. This 
geographic pattern provides suggestive evidence that Hyb-pop 1 constitutes a distinct 
geographical gene pool. 
 
Since no group corresponding to Hyb-pop 2 was identified in the MLST data, our knowledge 
of their distribution remains limited to the 5 genomes in our sample, which were found in 
Europe, Asia and America. This is consistent with the population representing a clonal lineage 
that had spread between geographic areas and had differentiated via import of local DNA but 
additional data would be necessary to confirm this hypothesis. 
 
Genetic structure of the Asian population 
Since Asian VP represents a single freely mixing population, population genetic methods can 
be used to estimate 𝑁𝑁𝑒𝑒𝑟𝑟, the product of the effective population size 𝑁𝑁𝑒𝑒 with the 
per-generation rate 𝑟𝑟 at which sites recombine. This is a natural parameter for a coalescent 
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model where recombination drives diversification, and its estimation can be approached in 
two ways.  
 
A first approach is to measure the effective population size experienced by individual sites in 
the genome. This is the approach conventionally used to measure effective population size in 
eukaryotes. The larger the effective population size, the longer the time to the expected most 
recent common ancestor at each site and the greater the opportunity for diversity to be 
accumulated by mutation. We base our estimate of the population size on the average 
diversity over a large number of sites. Different sites have different genealogies due to 
frequent recombination (Figure 5A), so this measure reflects a large number of independent 
coalescent events. Under a coalescent model with any amount of recombination, the expected 
evolutionary distance between two genomes at a given site is π = 2𝑁𝑁𝑒𝑒𝜇𝜇 where 𝜇𝜇 is the 
per-site per-generation mutation rate (Wang 2005). In order to try and measure the effective 
population size for unselected sites, the most appropriate value of π for this calculation is the 
pairwise synonymous distance between 51 unrelated strains in the Asian population (44 
strains from Asia-pop 1 and one strain each from the other Asia-pops), which is π = 0.0258. 
We inferred the 𝑟𝑟/𝜇𝜇 (ratio of size of recombination regions against the number of mutation 
sites) from strains of clonal groups, which given the 𝑟𝑟/𝜇𝜇 = 757 (Figure 6A). Since 𝑁𝑁𝑒𝑒𝑟𝑟 =(𝑁𝑁𝑒𝑒𝜇𝜇)(𝑟𝑟/𝜇𝜇) = (𝜋𝜋/2)(𝑟𝑟/𝜇𝜇), this approach leads to 𝑁𝑁𝑒𝑒𝑟𝑟 = 9.8. Multiplying 𝑟𝑟/𝜇𝜇 (Figure 6A) 
with π produces an estimate of the relative effect of recombination and mutation 𝑟𝑟/𝑚𝑚 = 19.6 
(Jolley, et al. 2005) which is slightly higher than found in a previous MLST study (𝑟𝑟/𝑚𝑚 = 16) 
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(Yan, et al. 2011). 
 
An alternative approach is to measure the effective population size for the organism as a 
whole, based on the rate of genealogical coalescence of strains in the sample. Since 
recombination occurs progressively over time, the proportion of shared clonal frame between 
strains provides information on the age of their common ancestor. We can therefore use 
pairwise genetic divergence between strains to estimate coalescence times. These coalescence 
times can then be compared with the distribution predicted by coalescent theory in order to 
estimate the effective population size. 
 
 We assume that genetic divergence within clonal complexes mostly occurs by recombination 
(as suggested by the above estimate 𝑟𝑟/𝑚𝑚=19.6). Bacteria in the Asian populations with no 
trace of clonal relatedness have a median of 𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢 = 37,713 SNPs distinguishing them 
in the rest of the core genome (Figure S6). As strains diverge by recombination, the number of 
SNPs distinguishing them will increase at a steadily decreasing rate, until it approaches this 
value. The probability that a site is unaffected by recombination for two strains that share a 
common ancestor T generations ago is exp (−2𝑟𝑟𝑟𝑟) so that their expected number of 
differences is 𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢(1 − exp (−2𝑟𝑟𝑟𝑟)). 
 
Theory predicts that the rate of coalescence is proportional to effective population size. 
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Specifically, in a coalescent tree, the expected time T until n individuals have m ancestors is 
equal to 2𝑁𝑁𝑒𝑒 �1𝑚𝑚 − 1𝑢𝑢�. Combining this formula with the estimate for divergence between 
strains as a function of times above give the expected distance corresponding to the mth 
common ancestor as being 𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢 �1 − exp �−4𝑁𝑁𝑒𝑒𝑟𝑟 �1𝑚𝑚 − 1𝑢𝑢��� which is a function of 
𝑁𝑁𝑒𝑒𝑟𝑟 and n, the number of samples from the population. In order to estimate 𝑁𝑁𝑒𝑒𝑟𝑟 based on 
this formula, the expected distances between coalescences were compared to the ones 
estimated using the UPGMA algorithm applied to the matrix of pairwise distances in the 
Asian data (Figure 6B). 
 
In practice, our strains are not sampled independently from a homogeneous population. Our 
sampling is very uneven, especially because of the bias towards disease causing isolates. 
Epidemic clones can also skew the distribution away from coalescent expectations. These 
factors mean that the effective number of independent samples from the population, n may be 
smaller than the number of isolates (Fraser, et al. 2005). In fact, by minimizing the sum of 
least square errors though exhaustive searching for the optimal parameters in the 
bi-dimensional space with n ranging from 10 to 145, and 𝑁𝑁𝑒𝑒𝑟𝑟 from 10 to 500, we found that 
the best fit to coalescent expectations was for n = 60 and 𝑁𝑁𝑒𝑒𝑟𝑟 = 268 (Figure 6B). This result 
implies that only 60 of our 145 strains from the Asian population can be considered 
representative samples of the non-epidemic population structure. The other strains represent 
repeat samplings from the population. We also evaluated other values of 𝑁𝑁𝑒𝑒𝑟𝑟 that from 10 to 
450 in the whole-genome approach, to observe the best fit with the observed values (Figure 
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6B). The results show that lower 𝑁𝑁𝑒𝑒𝑟𝑟 values predict very different coalescence rates to those 
observed, implying 𝑁𝑁𝑒𝑒𝑟𝑟 is very unlikely to be below 150. 
 
The two approaches above to estimate 𝑁𝑁𝑒𝑒𝑟𝑟 give the strikingly different values of 9.8 and 268 
for the site-by-site and the whole-genome methods respectively. Assuming a high 
recombination rate r of the order of 10-5 per generation as in H. pylori (Didelot, et al. 2013; 
Kennemann, et al. 2011), the effective population size 𝑁𝑁𝑒𝑒 would be 106-108 which is 
compatible with previous estimates (Fraser, et al. 2009). The fact that the two estimates differ 
by a factor approximate 30 implies that genetic drift is stronger when measured at individual 
sites than for whole organisms. In eukaryotes, recombination normally increases the effective 
population size at particular sites by reducing the effect of selective sweeps and background 
selection at all but the nearest sites (Charlesworth 2009), and this relationship was also 
assumed to hold in bacteria (Castillo-Ramírez, et al. 2011). Our observation, however, implies 
that recombination can have the opposite effect in VP. Specifically, if (hypothetically) there 
were sites in the genome that never recombined, the expected diversity of these sites would be 
higher than the rest of the genome. 
 
Ecotypes as an explanation for the different 𝑁𝑁𝑒𝑒𝑟𝑟 estimates 
Under the population size estimates implied by the nucleotide model we expect only a small 
number of approximately unrelated lineages (>32,000 nucleotide differences between strains) 
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to be observed in the population, i.e., we would expect on average 13 based on a sample of 60 
or 14 based on a sample of 145 or 15 based on sampling the whole population. In fact, we 
observe more than 50 in our sample and the coalescent estimate we obtain suggests that there 
are hundreds in the population as a whole. 
 
Our observation could be explained by selection at the organismal level that prevents 
individual clones from becoming numerically dominant. This might be caused by phages 
targeting common clones, or the partitioning of the VP population into ecologically distinct 
niches, for example caused by adaptation to living on organisms or particles of particular 
sizes (Shapiro, et al. 2012). This selection would maintain multiple ecotypes stably in the 
population and therefore reduce the rate of coalescence observed between strains with 
different ecotypes (Figure 5B), but would not necessarily prevent variants outside the 
ecotypically selected regions sweeping frequently to fixation in the gene pool (Charlesworth 
2006) and thus could be consistent with the higher effective population size for clonal 
coalescence than for nucleotides.  
 
Since our estimates suggest the maintenance of several hundred lineages independently in the 
population, it suggests that niche structure is maintained by multiple phenotypic traits. 
Furthermore, the absence of easily detectable barriers to gene flow between lineages created 
by any of these traits suggests that the ecotype structure may be stable over time and not a 
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precursor to genomic divergence and speciation as suggested by most previous discussion of 
ecotype models (Achtman and Wagner 2008; Cohan and Koeppel 2008; Shapiro, et al. 2012).  
 
If the species is partitioned into multiple distinct niches, then this should be detectable by 
non-random associations of alleles that are relevant to particular niches. In order to minimize 
the possible effect of population structure, we tested for associations between 271,945 
biallelic SNPs in a sample of 51 unrelated isolates in the Asian population, using a Fisher 
exact test. Since our approach does not make any assumptions about what the adaptive 
phenotypes might be or how it is partitioned amongst isolates, it is distinct from and 
complementary to that of Shapiro et al. who attempt to identify ecologically differentiated loci 
based on a particular niche partitioning (Shapiro, et al. 2012) and can be considered a 
completely top-down approach to identifying ecological differentiation.  
 
The great majority (96%) of associations with low P value (less than 10-6) occur between sites 
that are less than 1 kb apart, reflecting LD at the level of individual genes. We used a Q-Q 
plot to investigate how many of the associations are genuine (Figure 7A). It can be seen that 
the values including linked sites starts to diverge substantially from the curve for only 
“unlinked” sites (>3 kb apart) at a P value of approximately 10-6. The Q-Q plot for all sites 
becomes approximately linear at around P = 10-8. The great majority of these are true 
associations due to linkage disequilibrium generated by co-inheritance of closely linked sites 
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in recombination events. 
 
 Amongst the unlinked sites, the curve does not reach the same slope, and there is only one 
set of SNPs (LS001) that has P values below 10-9 (Table S4). The SNPs are located in two 
regions that are 400 kb apart in the reference genome (Figure 8). In the other genomes 
sequenced here, the two regions are also located inside different scaffolds, implying that this 
association is not caused by physical linkage of the chromosome. Since the LD between these 
SNPs cannot be attributed to either population structure or to physical linkage, we 
hypothesize that it is caused by ecological factors and term it eco-LD, for ecological linkage 
disequilibrium. 
 
One of the regions contained three SNPs in a hypothetical gene (VPA1081) that carried a 
transmembrane domain, and most of the SNPs (38 in 46) in the other region are located in 
two genes that code for LuxR family transcriptional regulator, CpsQ and CpsS, and the 
intergenic region between them. Both CpsQ (VPA1446) and CpsS (VPA1447) are involved in 
modulating cyclic dimeric GMP (c-di-GMP) signaling and biofilm formation (Ferreira, et al. 
2012).  
 
Strong LD was also observed between alleles of SNPs and presence/absence of flexible 
genome blocks. Amongst a total of 8.04 Mb length of flexible genome blocks in 51 unrelated 
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strains, 35 unlinked blocks with length of 114 kb that revealed strong association (P < 10-6, 
indicated by inflection point of the QQ plot in Figure 7B). Interestingly, majority of these 
blocks (85/114 kb, 75%) were associated with LS001 (Table S5 and Figure 8), the only set of 
SNPs that were identified with real epistasis association. Two major functional units were 
annotated on these blocks, one encoded type VI secretion system 1 (T6SS1, Table S6), which 
is up-regulated and has anti-bacterial activity under warm marine-like conditions (Salomon, et 
al. 2013). Another encoded a group of cellulose biosynthesis-related proteins, which were 
important for biofilm formation and regulated by c-di-GMP signaling, hence functionally 
close related with CpsQ and CpsS in LS001 (Tischler and Camilli 2004). The 
c-di-GMP-mediated decision-making network influences the switch between two different 
social behaviors of VP: staying put and forming a structured biofilm on the surfaces, and 
spreading over the surfaces by swarming motility (Gomelsky 2012). Therefore, the possible 
epistasis signal revealed here might have effects on the fitness of VP in different 
environments that make up parts of its overall niche, e.g., on particular hosts, surfaces or in 
the open sea.  
 
To further investigate the association across these epistasis loci, we examined the SNPs 
combinations in LS001 and the distribution of the associated flexible blocks for all 157 strains 
in our dataset. Two major groups could be defined by these SNPs, with most of cellulose 
synthesis-related genes were present in EG1 isolates, whereas T6SS1 encoding genes were 
exclusively distributed in EG2 isolates (Figure S7). Interestingly, EG2 contained 
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overwhelming number of clinical isolates (92.5%, Figure S7), and the chi-square test for the 
unbalanced distribution of clinical isolates in two groups is significant (χ2= 34.1438，P < 
0.0001, but P = 0.052 if only one strain from each clonal group is used in the analysis), 
suggesting that the epistasis sites may influence infection ability or virulence, and was 
consistent with previously observation that T6SS1 is predominantly present in clinical isolates 
(Yu, et al. 2012).  
 
There are no specific geographic or temporal structure that associated with dividing of the 
two groups (Figure S7), and although the nucleotide polymorphisms within each group are 
mostly in linkage disequilibrium with the epistatic sites, the presence-absence regions 
associated with EG1 and EG2 both show similar genetic diversity compared with the whole 
core genome (𝜋𝜋 = 0.0091, 0.0089 and 0.0092 for EG1, EG2 and core genome, separately) 
and a star-like pattern of variation within them (Figure S8), consistent with frequent 
recombination reasserting variation within these regions. This pattern of variation within the 
genes is consistent with the reassembly of these co-adapted gene complexes by natural 
selection on multiple occasions.  
 
The fact that we have found only a single convincing example of epistasis in this screen does 
not necessarily imply that epistasis is rare, since our statistical power is limited based on 51 
unrelated strains, mainly due to the very large number of possible pairwise associations. It 
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does suggest that strong epistasis between high frequency alleles is rare and that if there are 
distinct, stably maintained ecotypes within the Asian gene pool, they are maintained either by 
single genomic loci with multiple interacting epistatic partners or by quantitative traits due to 
multiple loci or by epistatic interactions that are in other ways too complex to be assayed 
effectively by our scan. 
 
Alternative explanations for differences between the two 𝑁𝑁𝑒𝑒𝑟𝑟 estimates. 
While niche differentiation provides a sufficient and biologically compelling explanation for 
the very different estimates of 𝑁𝑁𝑒𝑒𝑟𝑟 generated by organismal and nucleotide based 
approaches, there are a number of other factors that could cause the two estimates to differ. 
We have investigated several and found that none of them is sufficient to explain the 
discrepancy on their own. 
 
Firstly, the disparity between the two estimates of 𝑁𝑁𝑒𝑒𝑟𝑟 might in principle be explained by an 
under estimation of 𝑟𝑟/𝜇𝜇 or equivalently 𝑟𝑟/𝑚𝑚, which would happen if polymorphisms 
treated as mutations in Figure 6A were in fact introduced by recombination. This, however, 
seems unlikely since value of 𝑑𝑑𝑁𝑁/𝑑𝑑𝑑𝑑 for these polymorphisms is 0.98, which is very close 
to the value expected for new mutations of 1.0 (Rocha, et al. 2006) and very different from 
the value found in our data of 0.08 for 𝑑𝑑𝑁𝑁/𝑑𝑑𝑑𝑑 for polymorphisms introduced by 
recombination events. We also employed another independent recombination detection 
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method, RecHMM (Zhou, et al. 2014), to infer the recombination events and although the 
result showed a wider recombination region (𝑟𝑟/𝜇𝜇 = 1,117, Figure S9), the 𝑁𝑁𝑒𝑒𝑟𝑟 of 
site-by-site is 14.4, which is still far smaller than the value based on clonal coalescence. 
 
Secondly, to evaluate statistical uncertainty, we calculated the confidential interval for each 
estimate. For the site-by-site approach, the 𝑟𝑟/𝜇𝜇 was inferred by slope of linear regression in 
Figure 6A. The 99% CI of the slope was [402, 1111], which given the upper limit of the 𝑁𝑁𝑒𝑒𝑟𝑟 
by individual site as 14. Then we inferred the CI of 𝑁𝑁𝑒𝑒𝑟𝑟 for the whole organism by two 
different ways. Firstly, we random selected 50% of SNPs from the whole dataset to calculate 
the 𝑁𝑁𝑒𝑒𝑟𝑟 and repeat the process for 1,000 times. The results generated an approximate normal 
distribution of the 𝑁𝑁𝑒𝑒𝑟𝑟 and the 99% CI was [264, 272] (Figure S10A). The second way is to 
calculate the variance of the median of genetic distance across the isolates of Asia-pops, and 
then replaced them separately into the formula to acquire the CI. To cover the 99% of the 
genetic distance between pairs of isolates, the upper and lower limits of genetic distance were 
from 38,852 to 36,797, which generated the 99% CI of 𝑁𝑁𝑒𝑒𝑟𝑟 as [245, 287] (Figure S10B). 
The lower limit of the 𝑁𝑁𝑒𝑒𝑟𝑟 for the whole-genome (245) is still much larger than the upper 
limit of 𝑁𝑁𝑒𝑒𝑟𝑟 for the individual site (14), indicating the conclusion of disparity between two 
estimates is robust. 
 
Thirdly, as the strains were collected over a long time period, we considered that whether 
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temporal sampling might have affected coalescence rate estimates. We split the dataset into 
old (1984-1995) and young (1996-2007) groups, and estimate the 𝑁𝑁𝑒𝑒𝑟𝑟 in two different 
approaches for each. The 𝑁𝑁𝑒𝑒𝑟𝑟 based on individual site were 10.22 and 9.88, and the values 
based on whole organism were 267 and 211, for old and young group, separately. Therefore 
temporal sampling effects cannot explain the conclusions.  
 
Finally, we considered the possible influence to the 𝑁𝑁𝑒𝑒𝑟𝑟 estimates by migration events 
between Asia-pops and other populations. Under a neutral population genetic model, the 
effect of population subdivision should be the same for nucleotides as the clonal tree. 
Therefore, this factor will not cause a bias based on random sampling. Since Fst is low (see 
below), the nucleotide diversity estimates for the global population are similar to those of just 
the Asia-pops. Furthermore, the expected number of migration events during the observable 
period of clonal evolution is very small (see below). Therefore we do not think that this factor 
should cause a substantial bias in estimates. 
 
Migration and clonal divergence 
We can use standard population genetic theory estimate migration rates between oceans based 
on estimates the effective population size and of divergence between populations. This 
analysis should be considered with caution because we have shown above that the 
assumptions of equilibrium under a standard demic diffusion model are likely to be very 
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unrealistic for the species.  
 
The fixation index Fst between 61 Asian isolates and the 3 strains from US-pop 1 used in the 
fineSTRUCTURE analysis was equal to 0.071. While Hyb-pop 1 revealed similar Fst values 
with Asia-pop (0.021) and US-pop (0.027), Hyb-pop 2 seemed much closer with Asia-pop 
(0.027) but distinct with the US-pop (0.073), which was consistent with co-ancestral 
relationship inferred by fineSTRUCTURE analysis (Figure 3A). 
 
Under standard population genetic demic diffusion model, the product of the effective 
population Ne and the per generation migration rate m is 𝑁𝑁𝑒𝑒𝑚𝑚 = 6.6 (Whitlock and 
McCauley 1999). Given the high rate of recombination, strains quickly acquire genes from 
their new local gene pool. Specifically, the clonal frame is mostly erased in the time period in 
which 60 strains coalesce to 50 ancestors (Figure 6B). The number of migration events per 
strain expected during that time is 2𝑁𝑁𝑒𝑒𝑚𝑚 � 150 − 160� = 0.05. Most isolates from Asia were 
assigned to the Asian population which is consistent with this expectation. By contrast, the 
recent global spread of some epidemic clones is unlikely under the above neutral model. As 
noted above, this suggests that strong selection has been responsible for their rapid dispersal. 
 
Conclusions 
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We found an order of magnitude difference between the effective population sizes for 
nucleotides in the genome and for organisms. This implies that standard population genetic 
theory, which predicts the two values should be the same, is not a good approximation for 
large bacterial populations. One possible explanation for the discrepancy is that the species is 
divided into multiple distinct ecotypes that coexist stably in the same population. We probed 
this explanation – which suggests that there are more than 100 distinct ecotypes - by looking 
for pairwise associations amongst loci. We found only a single strong example of epistasis, 
which is associated with how the cell attempts to modify its immediate environment, either 
via biofilm formation or killing other bacteria. Understanding the factors responsible for the 
large deviation from neutral populations should help us to gain considerable insight into 
fitness landscapes and patterns of recombination in natural bacterial populations.  
 
Clones of VP can spread globally as illustrated for example by the distribution of the recently 
arisen pandemic lineage. Nevertheless, there are differentiated oceanic gene pools and the 
majority of strains have mosaic ancestry from their local gene pool. We have shown that the 
Mexican Gulf represents a gene pool distinct from that found in Asia. There are also hints of a 
distinct gene pool in the US pacific. Currently, we do not have sufficient data from genomes 
outside Asia to establish the number of distinct gene pools globally and the pattern of gene 
flow between them. Additional genomes will establish this and whether there are also 
adaptive differences in genome content between oceans. 
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 Materials and methods 
Bacteria selection 
A total of 156 strains of V. parahaemolyticus were selected for sequencing in this study (Table 
S1). These strains were isolated from human clinical cases (112), sea food (31) and 
environment (13), which came from 13 countries in Asia, Europe and North America, and the 
isolation time were between 1951 and 2007. All 156 strains were involved in our previous 
microarray and MLST assays (Han, et al. 2008; Yan, et al. 2011). Genomic comparisons were 
performed together with the genome of RIMD 2210633 (accession number: NC_004603 for 
chromosome 1 and NC_004605 for chromosome 2), which were downloaded from the NCBI 
database (ftp://www.ncbi.nlm.nih.gov/). 35 of the 157 strains have previously been defined as 
pandemic strains (Han, et al. 2008; Yan, et al. 2011).  
Bacteria were grown in the LB-2% NaCl agar at 37 °C, and the extraction of genomic DNA 
was performed by the classical phenol/chloroform method. 
 
Sequencing, assembly and annotation of coding sequences (CDS) 
Whole genome sequencing was performed using the Illumina Genome Analyzer II (Illumina 
Inc. U.S.A). The multiplexed paired-end libraries with an average insert size of 500 bp were 
constructed following the manufacturer’s instruction, and the pair-end read lengths of 10 
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strains were 44 bp, two strains were 75 bp, and the remaining 144 strains were 100 bp. After 
trimming the adaptor sequences and removing the low quality reads, we obtained 81 Gb of 
high quality sequence data in total, corresponding to an average 92 fold coverage (effective 
depth) for each strain. The short reads were assembled using SOAP denovo (version 1.1.2) (Li, 
et al. 2010), which resulted in the contigs that average total length of 5.1 Mb (N50 = 21.3 kb) 
for each strain (Table S7). The CDS were predicted for each sequenced genome by using 
Prodigal (Hyatt, et al. 2010). Then the functional annotation of the amino acid sequences of 
predicted CDSs was performed by alignment against the non-redundant database of NCBI 
using BLASTp with the criterion of e-value < 1e-5, identity% > 40% and length coverage of 
gene > 80%. The functional domain of the hypothetical gene in LS001 was annotated by 
online alignment using SMART in EMBL (Letunic, et al. 2014) and CDD in NCBI 
(Marchler-Bauer, et al. 2013). 
 
Construction of the core and flexible genome 
We constructed the core-genome by comparing genome sequences of 157 VP strains to 
identify genomic contents shared by all of them. The 156 assembled genomes were aligned 
against the reference genome sequence (RIMD2210633) using BLASTn, to delineate shared 
genome regions with identity ≥ 90% and e-value < 1e-5. The defined core-genome of VP 
was consisted of 1,333 blocks 4.07 Mb in total length. After removing the regions that 
mapped to the core-genome, the remaining sequences for each strain were combined to obtain 
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a set of strain specific sequences with redundancy. These redundant sequences were compared 
to each other using BLAT and grouped into 13,194 sets of sequences with identity ≥ 90% 
and match length ≥ 85% in pairwise comparisons. Then the longest sequence in each group 
of similar sequences was considered as representative for each group. This set of 
non-redundant sequences were merged and considered as the flexible genome for all 157 VP 
strains, with total length of 13.26 Mb. Furthermore, to perform the epistasis analysis, we 
constructed the flexible genome of 51 unrelated strains in Asia-population with length of 8.04 
Mb, by using a same pipeline. 
 
SNPs identification 
We firstly aligned the contigs of each of 156 V. parahaemolyticus against the reference 
genome (RIMD 2210633) using MUMmer v3.20 (Delcher, et al. 2003) to obtain all potential 
SNP loci, and then filtered unreliable loci that were covered by less than ten effective 
supported reads or located in repeat regions. The effective supported read for one nucleotide 
was required to have a quality score greater than 20 and to not be located within 5 bp of one 
of the edges of the read. The repeat regions were defined in RIMD 2210633 genome 
according to the method described in previous research (Table S8) (Cui, et al. 2013). This 
included (1) Variable number tandem repeats identified by TRF 4.04; (2) Dispersed repetitive 
sequences found by BLASTn search of the RIMD 2210633 genome against itself with >95% 
identity and >50bp length; and (3) CRISPRs (clustered regularly interspaced short 
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palindromic repeats) recorded in the CRISPRdb database (Grissa, et al. 2007).  
Finally, we obtained 327,904 high quality SNPs, consisting of 84,101 nonsynonymous SNPs 
(nsSNPs), 540 of which resulted in premature stop codons; 208,086 synonymous SNPs 
(sSNPs) and 35,717 SNPs in intergenic regions.  
 
Inference of recombination sites within clonal groups 
Homologous recombination events were detected based on two types of signals: (1) regions of 
dense SNPs in a genome when compared with its close phylogenetic relatives and (2) 
homoplasies where the same allele was found in strains from different lineages which can not 
be attributed to inheritance from the same common ancestor. 
Accordingly, we first detected regions contained dense SNPs by the method similar with that 
describe previously (Croucher, et al. 2011). Briefly, we constructed a neighbor-joining tree for 
each clonal group and determined the SNPs occurring on each branch using baseml in PAML 
software package (Yang 2007). Assuming neutrality and no recombination, the observed 
SNPs could be modeled as a binomial distribution with the given chromosome size and mean 
number of SNP per base (null hypothesis). Using a sliding window method, we checked 
whether the SNPs density in each genomic region followed this distribution (P < 0.05), and if 
the null hypothesis was rejected for a particular window, all SNPs in this window were 
defined as introducing by recombination. To reduce the false negative rate, we set different 
window sizes with 1,000 and 2,000 bp in independent runs, separately, and using each SNP as 
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the beginning bound of the window, the moving window would traverse every SNP according 
to their order in the reference genome (equivalent to step size = 1 bp). All possible 
recombination sites detected in different runs were combined together to estimate the range of 
recombination regions, which was defined as containing recombined sites that all pair-wise 
distances between adjoined SNPs were less than 2,000 bp. The boarders of recombination 
region were defined according to the most distant SNPs in the identified dense SNP region. 
As the above definition of the borders would potentially reduce the real size of recombination 
segments, we also detected the clusters of SNPs in strains of clonal groups by using the 
software RecHMM (Zhou, et al. 2014), which generated comparable results to the wildly 
applied software ClonalFrame (Didelot and Falush 2007) but with much higher computational 
efficiency. The information of SNPs occurred on each branch of the phylogenetic tree was 
used as input file, and then we inferred the recombination regions by running RecHMM under 
the default parameters. After excluding regions with dense SNPs, we rebuilt the phylogeny 
and again using baseml to infer the SNPs on each branch. If the same SNP occurred in 
different branches, it was considered to be homoplasic.  
 
Construction of the phylogenetic tree 
The Neighbor-Joining trees were built using TreeBest software based on concatenated SNPs 
(http://treesoft.sourceforge.net/treebest.shtml). The maximum likelihood tree of 35 pandemic 
strains on the basis of 189 SNPs was constructed using PHYML with HKY model (Guindon 
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and Gascuel 2003). 
 
Calculation of linkage disequilibrium (LD) decay 
Firstly, we identified SNPs from the published genome sequences of six other different 
bacterial species (Table S9) according to the SNP calling process described above. Then we 
calculated the value of r2 by using Haploview software based on SNP sets (Barrett, et al. 
2005). The main option was "-maxdistance 10 -minMAF 0 -hwcutoff 0" which meant the 
maximum inter-marker distance for LD comparisons was 10 kbp, the threshold of the minor 
allele frequency and the Hardy-Weinberg P value were set to 0 to include all the identified 
SNPs in the calculation.  
To infer the initial LD decay rate among different species, we fitted the LD decay curves with 
the exponential function 𝑦𝑦(𝑥𝑥) = 𝐴𝐴 + 𝐵𝐵 ∙ 𝑒𝑒−𝑥𝑥/𝑥𝑥0, where x0 determined the decay rate of the 
curve, with a larger number indicating slower decay (Donati, et al. 2010). 
 
STRUCTURE analysis based on the published MLST data.  
The sequences of 7 gene fragments from 281 STs of VP were downloaded from the pubMLST 
database (http://pubmlst.org/vparahaemolyticus/). The software STRUCTURE (v2.3.2) with 
admixture model (Falush, et al. 2007) was used to conduct the population assignment based 
on this data as previously described (Falush, et al. 2003; Moodley, et al. 2009). The length of 
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MCMC chain was set to 50,000 and the first 20,000 iterations were discarded as burn-in. The 
parameter K (number of population) was set from 2 to 20 and independent runs were 
conducted. The result for K=10, which had the highest marginal likelihood, was displayed by 
the software DISTRUCT and used in further analysis (Rosenberg 2004).  
 
Chromosome painting and fineSTRUCTURE analysis 
We used fineSTRUCTURE to infer the population structure of V. parahaemolyticus based on 
genome wide SNPs (Lawson, et al. 2012). We prepared the recombination map file assuming 
a uniform recombination rate for each SNP site as 1/(100×alignment size). Independent runs 
of ChromoPainter were performed with different values of the parameter k (100, 200, 500, 
800, 1000, 1500, 2000), and as the value of the parameter c tended to be constant when k ≥ 
500, we selected k = 500 for further calculation. The chromosome painting was conducted for 
each chromosome separately and the output files were integrated using ChromoCombine. For 
the fineSTRUCTURE analysis, we set 200,000 iterations of MCMC with sampling interval of 
100, and the first half were discarded as burn-in.  
We conducted chromosome painting of the MLST data using the strains sequenced in this 
study as donors and the known 281 STs as recipients. We used the software ChromoPainter to 
paint the seven genes separately with the parameter k =500, and then manually combined the 
results together.  
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Figure legends 
Figure 1 Neighbor-joining tree of 157 VP strains constructed using 327,904 SNPs. The 
different colors from outer to inner indicate the isolated location, time, epistasis groups and 
source for each strain, respectively. The blank indicated the data was not available, or minor 
groups defined by the epistasis locus (LS001). Branch color indicate the sub-populations 
defined by fineSTRUCTURE. 
Figure 2 Phylogeny of pandemic strains and the SNP distribution across chromosome in 
different sets of genomes. (A) Maximum likelihood tree of pandemic strains based on 
non-recombinant SNPs. The scale bar represents substitutions per SNP. The tree was rooted 
using strain S093. There were 97.3% of recombinant sites concentrated in three branches 
(indicated by grey triangles) leading to different serovariants of pandemic strains. The grey 
circle indicates the sublineage that only contained strains isolated from Taiwan, China. (B-E) 
The distributions of SNPs were plotted for strains including (B) pandemic strains CG1; (C) 
CG1 and S093; (D) CG1, S093 and CG2; and (E) CG1, S093, CG2 and S002 (randomly 
selected from the remaining strains). The number of SNPs were counted within 10 kb 
windows across the chromosome. The grey shading indicates the recombination hot region 
surrounding the O- and K- antigen encoding gene cluster. 
Figure 3 Population structure according to fineSTRUCTURE. (A) Coancestry matrix 
constructed from 71 strains. (B) Coancestry matrix based on all strains of Asia-Pop 1 and one 
strain from each of the remaining sub-populations. The colors indicate the coancestry values 
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of population averages representing chunk numbers from donors (column) to recipients (row), 
and the trees show the sub-populations and their clustering relative to each other.  
Figure 4 Population structure of VP based on MLST. (A) Population structure of 281 
sequence types (STs) of VP inferred by STRUCTURE with K = 10. Each bar represents an ST, 
and the colors indicate the proportion of ancestral sequences inherited from each of the nine 
hypothetical ancestral populations. (B) Coancestry heatmap inferred by fineSTRUCTURE 
based on the MLST genes. The columns represent STs ordered as in (A) and the rows 
represent sub-populations inferred by the fineSTRUCTURE analysis based on genome 
sequences. The color in each cell represents the population average number of chunks from 
donor (strains that were sequenced in this research) to recipient (STs from public MLST 
database). (C) Geographical source of VP strains in each STs. The Atlantic, Pacific and 
Mexican Gulf categories indicate strains isolated from states of the east and west coast of 
USA, and from states surrounding the Mexican Gulf. The USA category indicate inland US 
states or no state information. 
Figure 5 Effective population size of bacteria. (A) Clonal genealogy and genealogies for 
individual sites. The genealogies coincide until the most recent homologous recombination 
rate at each site. (B) Clonal genealogy under an ecotype model. Ecotypes persist stably 
together in the population once they have evolved, so that coalescences between strains in the 
sample that have different ecotypes happen at a low rate.  
Figure 6 Estimation of the effective population size of the Asian population. (A) 
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Correlation between the number of new mutations within clonal lineages and the total size of 
recombined regions within the same lineage. Each dot indicated one clonal lineage. The linear 
regression was constrained to go through the origin and the grey shading indicated the 99 CI% 
of the slope. (B) Distances in a phylogenetic tree. The red dots represent the distances of 
ancestors in a UPGMA phylogeny of the Asian genomes, and the blue curve indicates the 
corresponding expectation for a sample of size n=60 and parameter 𝑁𝑁𝑒𝑒𝑟𝑟 = 268. From left to 
right, the dot curves indicated the expectation values when 𝑁𝑁𝑒𝑒𝑟𝑟 were 10,50,150,350,450, 
separately. 
Figure 7 Q-Q plot showing the distribution of P values for associations between pairs of 
SNPs (A) and between SNPs and flexible genome blocks (B). The x-axis indicates the P 
value and the y-axis indicates the frequency of corresponding P value. Both axes are on a 
logarithmic scale. The red circles are based on all tested pairs and the blue triangles included 
only pairs of SNPs (panel A) or pairs between SNP and flexible genomes (panel B) with 
distance larger than 3 kb. The black line is based on a linear regression of the data points with 
log (P value) larger than -6. The red line is based on a linear regression of the red circles that 
range from -14 to -8 of log (P value). The slope of the blue line in panel A is the same as the 
red one, and its intercept was generated by least squares fitting to the blue triangles with log 
(P value) smaller than -8. 
Figure 8 Position of the epistasis loci in the reference genome. The semi-circles indicated 
two chromosomes of the VP. The red bars indicated the SNPs and blue ones are flexible 
genome blocks. As the flexible genome block that carried cellulose biosynthesis proteins was 
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plot independently as being absent in the reference genome. The black lines that linked 
epistasis loci indicated the strong association present amongst them with P < 10-6. 
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